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The  Artion  of  Electrolytes  on  Copper  Colloidal  Solutiont.  By 
E.  F.  BuKTON,  B.A.,  Demonstrator  in  Physics^  University 
of  Toronto  *. 

1.  Introduction. 

THE  problem  of  the  effect  of  the  preHCUce  of  very  Miiall 
traces  of  electrolytes  on  the  stanllity  of  colloidal  solu- 
tions is  one  of  the  most  important  unsolved  questions  relatin;; 
to  colloids.  The  recent  |»aper  l»y  Jacques  Duclaux  t  tends 
to  throw  doubt  on  the  theory  of  the  isoelectric  point  first 
suggested  by  Hardy  % ;  while  a  later  contribution  by  Lotter- 
moser  §  dealing  with  Duclaux's  results  shows,  at  least,  that 
we  I.ave  yet  much  to  learn  re;  .rding  the  interaction  of  the 
colloidal  particles  and  the  dissolved  salts. 

The  experiments  detailed  in  the  present  communication  are 
a  continuation  (of  those  performed  by  the  writer  ||  on  the 
action  of  small  traces  of  electrolytes  on  silver  and  gold 
colloidal  solutions  prepared  by  Bredig's  method.  In  this 
former  work  it  was  found  that,  as  minute  qnantities  of 
aluminium  sulphate  were  added  in  increasing  amounts  to 
either  silver  or  gold  solutions,  the  velocities  with  which  the 
particles  moved  in  a  given  electric  field  were  at  first  reduced 
to  zero  and  then  reversed.  As  the  particles  in  each  case 
were  negatively  charged  in  the  pure  solution,  according  to 
Hardy's  theory,  the  positively  charged  alum'nium  ions,  and 

•  (Communicated  by  Professor  J.  G.  McLennan. 

t  Jour,  de  Ch.  phyt.  vol.  v.  12.%  p.  1'9. 

X  Proc.  Roy.  Soc.  vol.  Ixvi.  p.  110;  Jour,  of  Physiol,  vol.  ixix.  p.  26. 

$  Zeitt.  fur  phyt.  L'hem.  vol.  Ix.  4,  p.  451. 

\  Phil.  Mag.  ser.  6,  vol.  xii.  Nov.  I'JOO. 
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not  the  negatively  «,'lmrged  inlphute  ioii«t,  are  the  active  onp» 
in  bringing  about  the  dixchar^  of  the  particles.  It  was 
further  found  that,  not  only  wu.«*  the  charge  of  the  particle* 
reversed,  but  at  the  point  where  the  charge  was  zero,  i.  f. 
at  the  point  when  the  |>articleH  did  not  move  in  the  electric 
field  (Hardy's  isoelectric  point),  the  solutions  showed  a  mini- 
mum stabifity.  For  example,  to  refer  to  u  table  taken  from 
the  former  paper,  two  samples  of  a  gold  solution  to  which 

Tablk  I. 
(iiold  Colloidal  Solution. 


TrIoeitT  of  tb« 
j      per  100 oc.  .01.     I      UTity»tl8=C.  cJ.J^.,  ,vlt;ot». 


Ormi.  Al  added         Specifle  Condiic- 


2. 
3. 
4. 


0 
19xlO-« 
38x10-* 


3-6xl0-« 
fr2xlO-* 
«6xlO-« 


•33x10 


-• 


11-6x10 


-• 


•-33xlO-» 
-l-lxlO-» 
+  l'xlO-* 


+  13-6x10 


-5 


*  Id  thi4  table,  m  in  all  gucceedinfjr  ones,  the  +  sign  denotes  motion 
toward  the  CAt!<-)de,  the  —  sign  towHrd  the  anode. 

were  added  respectively  nxl*)-'  and  38x10-'  grm.  of 
alnminium  per  100  ccs,  coagulated  at  the  end  of  a  few  hoars, 
while  another  sample  of  the  same  solution,  to  which  63  x  10-' 
grm.  per  cc.  were  added,  did  not  completely  coagulate  at  the 
end  'I  four  days.  As  a  result  of  this  work  we  have  strong 
evidence  as  to  the  validity  of  the  assumption  that,  in  these 
solutions  at  least,  coagulation  is  brought  about  through  the 
discbarge  of  the  colloidal  particles  by  the  ions  of  the  electro- 
lyte introduced  into  the  colloidal  solution,  and  that  the 
dfeportment  of  the  Brodig  metallic  colloidal  solutions  is 
similar  to  that  which  Hardy  foun<i  displayed  by  his  specially 
treated  albumen  solutions. 


2.    PrBPOSE  OF  THE  EXPEKIMKXTS. 

The  results  given  below  may  be  viewed  as  an  instalment  of 
a  systematic  investigation  on  the  effect  of  various  electrolytic 
solutions  on  the  velocities  of  colloidal  particles  in  an  electric 
field,  and  consequently  the  effect  on  the  size  and  sign  of  the 
charge  possessed  by  those  particles.  Copper  colloidal  solution 
has  been  selecte-^  "»ecause  its  particles  are  positively  charged, 


F'K.  1. 


Eleiirohit. »  on  Coj>i>er  CoUoidal  Solulioiif.  '    > 

i.  f.  till'  copper  jwirtich'S  move  to  the  cothoile  in  tliP  nohiti.  ; 
ill  otlLT  wonis.  th«y  aro  charjjml  opiM»it««ly  to  thow'  of  the 
silver  ami  gold  Holutiono  wori«'<l  witli  formerly. 

The  iiiiijor  part  of  th.'  piiper  will  deii  with,  firstly,  tlie 
effett  of  •olutioiiH  of  two  8.ilts  ha-  "  '«  th'  same  acnl  radioal 
uikI,  renpiH-tivelv,  a  monovalent  ii.;  .  a  ♦  valent  metal,  viz., 
i.ota-iMuiii  Milphate  nml  aluminium  si.,|.imte  ;  and,  !»econ<Jly. 
with  the  .tfet-t  of  solutions  of  salts  liavinjj  the  same  metiil 
ion  aii.l,  respect ivtlv,  monovalent,  livaleiit,an<l  trivuleiit  aoi.l 
radicaU,viz.,l)otassium  chloride,  potassium  ^ulphate.  potassium 
phosphate,  and  potassium  ferrievanide.  The  re>ults  ol  tlie-o 
experiments  Kt  in  rem!irkal)ly  well  uith  the  th.-orv  first  su;i- 
aosfd  by  the  work  of  I'i.ton  and  l/mder  *  and  of  Haniy  T, 
and  supported  hv  the  conclusion^  drawn  fioin  analogous 
experiments  on  silver  and  j{old  soluti«>ns. 

:\,   ExPKniMESTAl.  WoUK. 

The  solutions  of  copper  were  easily  pre- 
paretl   accordiiiK   to    Hreiiiji's    method  l-y 
sparkinj^    with    copper    wires    un  ler    the 
surface  of  conductivity  water,  th«  sp'-"Hc 
conductivity  of  which  wa     .luully  ai  >.i'^ 
2  X  10""      Usinji  a  current        from  5  to  t> 
ampeie.N  at  a  voltage  of  110,  250  ccs.  could 
he  produced  in  a  short  time.     The  resulting 
solution  was  a  very  clear  yellowish-hrown 
li.juid  in  which  the  particles  remained  sus- 
jiended,  aj)parently  unchanfjed,  fcr  months. 
Several    samples  were  made,    the  averaj^e 
copper  content  hein;i-0U8H}rrui.  per  100  ccs. 
The    velocity   with  which    the    particles 
moved  in  an  electric  ticl.i  was  im-asured  l)y 
the  U-tui)o  method  (see  (is.  1)  d.'scrilx-d  in 
a  lormer  paper  X-     t'snally  ahout  2.'  '  ccs. 
of  the   solution    suHiced  to  carry   out  one 
series  ofex|)eriineiits,  and  as  each  series  was 
comidetcd  a   iiesli    stock   of  solution   was 
made  tVom  the  same  pieces  of  copper.     In 
everv  case  the  velocity  of  the  iiaiticlos   in 
the  pure  solution  was  found  ;  the  results 
of    the«e    oliservations    are    collected    in 
Tahhi  11. 


•  .Tour.  I'lifiu.  Sue.  vol.  Ixi  V   148;  vol.  Ixvii.  p.  •!.{;  vul.  Ixxi.  p.  508. 

•*   Imc.  of. 

[  I'hil.  Mug.  scr.  6,  -.ol.  xi.,  Ai>nl  1!W>. 
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Table  If. 
Pure  CopjMjr  Colloidal  Solutions. 


No. 

1. 

2. 

3. 
4. 
5. 
6. 


Date  of 
preparation. 


Date  of 
ineasureiiipnt 
o{  velocity. 


Specific  Con- 

ductivily  at 

18°  C. 


Velocity 
at  18°  0. 


June  1»,  1907  June  20,  1007 


20,  1907 
5,  1908 
18,  1908 
23,  1908 
27.  1908 


26,  1907 
.-.,  1908 
17,  1908 
24,  1908 
29,  1908 


7-7xlO-« 
65x10-* 
8-2xl0-« 


.V8xlO' 
4  3x10 
31x10 


-« 


-« 


+23  4x10-* 
+25-4X10-* 
+24-9x10-* 
+25  4X10-* 
+30-4x10-* 


+3.10X10 


-5 


For  solution.s  Nos.  5  and  6  it  will  be  noticed  that  the 
Yelocities  are  rather  larger  than  for  the  other?,  but  it  will  be 
seen  that  the  specific  conductivities  of  these  solutions  are  also 
much  lower  than  those  of  the  others;  that  is  to  say,  these  latter 
two  solutions  were  freer  from  electrolytes  than  the  others,  and, 
as  we  shall  see,  the  general  effect  of  added  electrolytes  is  to 
reduce  the  velocity  of  the  particle. 

Although  the  velocities  are  all  given  at  18°  C,  the  experi- 
ments were  not  performed  at  precisely  that  temperature,  but 
corrections  have  been  introduced  to  bring  each  reading  to 
that  standard  temperature.  In  the  paper  *  referred  to  above 
the  following  relation  has  been  deduced  as  holding  between 
the  yelwity  (r)  and  the  coefficient  of  viscosity  of  the  liquid 
medium  (u) : 

|t.  »'= a  constant, 

as  long  as  one  deals  with  the  same  material  in  the  particle 
and  the  same  liquid  medium.  That  this  is  in  accord  with  the 
actual  facts  is  confirmed  by  the  following  series  of  velocity 
determinations  carried  out  with  a  silver  colloidal  solution  at 
the  temperatures  indicated  in  Table  III.  The  whole  velocity 
tube  was  lowered  into  a  glass  thermostat  which  could  be  kept 
at  the  required  temperature. 

A  f  im.lamoiital  necessity  for  the  validitv  of  velocity  results 
obtained  in  this  way,  is  that  the  specific'conductivity  of  the 
supenncumbent  layers  of  water  should  be  the  same  as  that  of 
the  colloidal  solution  at  the  bottom  of  the  tube.  As  these  con- 
ductivities  in  each  case  were  made  equal  at  the  ordinarv  tempe- 
rature of  the  room  before  the  liquids  were  introduced'into  the 
•  Phil.  .Mag.  ser.  H,  vol.  xi.,  April  1906. 
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1         1 

1             1  Tempera-  ', 
No.          ture 

Centigrade. 

Velocity  (e). 

i.vixio-'' 

Vigcosity  of 

water  (/i)  at  giyen 

temperature. 

Product. 

1.             3° 

•01(-)214 

24  5x10-' 

2.              99 

180x10-* 

•013.100 

247x10-' 

3.            U 

19  6x10-* 

•012822 

251x10-' 

4.        -.n 

25-3x10-* 

•009922 

250x10-' 

6.           31 

301X10'* 

•007972 

1      240x10-' 

6.           405 

i 

37-2X10-' 

•006577 

1      24  5x10-' 

velocity  tube,  evidently,  in  order  that  the  results  in  Table  III. 
may  be  o£  value,  the  temperature  coefficients  of  ^  'e  two 
liquids  should  be  the  same.  These  coefficients  we.o  -  .ared 
for  a  sample  of  silver  colloidal  solution  and  a  qu  ...city  of 
water  of  very  nearly  the  same  initial  conductivity.  The 
values  of  the  resistances  of  these  liquids  at  various  tempera- 
tures are  recorded  in  Table  IV.  and  illustrated  by  the^curves 
in  fie.  2.  From  these  we  may  safely  conclude  that  the  tem- 
perature coefficient  of  the  resistance  of  colloidal  silver 
solution  is  that  of  water  itself. 

Table  IV. 
Tenipeniture  Coefficients  of  Resistance^^ 


Temperature 


emperal 
(Cent. 


10° 
15 
20 
25 

ao 

35 
40 
45 


Resistance  of  water 
(Arb.  Sc.). 

.')600 


4420 
3910 
3510 
3150 
2900 
2660 


KeaistaDceof  AgSoL 
(Arb.  Units.) 


4640 
4180 
3720 
33.50 
3030 
2790 
2.520 


It  is  quite  justifiable  to  apply  these  results  for  silver  solu- 
tions  to  the   manifestly  analogous   solutions  of  the  other 
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niptals  in  water,  in  j)articnlar  to  the  copper  solutions  now 
under  consideration. 

Fig.  2. 


Degrees      Centigram 

With  each  of  the  salts  named  in  the  foregoing  section  the 
procedure  was  the  same.  Solutions  of  the  salts  of  deter- 
mined normality  were  prepared  with  the  conductivity  water, 
and  the  amount  of  such  solution  added  to  a  given  quantity 
of  colloidal  solution  was  measured  by  counting  drops  as  they 
came  from  a  fine  burette.  The  tap  of  the  burette  was  turned 
so  that  the  liquid  dropped  at  a  convenient  rate,  the  number 
of  drops  given  by  2  ccs.  of  the  liquid  was  counted,  a  required 
number  of  drops  was  allowed  to  fall  into  the  chosen  amount 
of  colloidal  solution,  and  finally  the  number  of  drops  in 
2  ccs,  was  counted  again  with  the  tip  still  turned  as  at 
the  beginning ;  the  two  calibrations  always  agreed,  the 
burettes  giving  from  24  to  30  drops  per  cc.  The  burettes 
were  always  washed  with  distilled  water  and,  just  before 
being  used  for  any  solution,  were  rinsed  with  the  latter 
several  times.  One  was  thus  enabled  to  introduce  into  a  given 
amount  of  colloidal  solution  a  very  exact,  small  quantity  of 
a  given  electrolytic  solution. 
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4.  Results. 
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Atypical  series  of  experiments  on  the  effect  «/  ^'"'h  f 
the  electrolytes  was  as  follows  :-The  velocity  of  the  par- 
tides  in  the  pure  copper  solution  was  first  taken  ;  gradually 
increasLg  quantities  of  the  chosen  electrolytic  solution 
were  Then  aJded  to  fresh  samples  of  the  stock  copper  solu- 

tion  and  the  corresponding  velocity  '"«^'«»'-«"^^,^U"*^„^^J; 
The  measurement  of  one  velocity  was  completed  usually 
within  one  hour  of  the  addition  of  the  electrolyte  A  1  of 
The llts  used  were  Kahlbaum's  purest  and  were  not  specially 
re-tested. 

a.  Potassium  Chloride. 
In  Tal)le  V.  the  velocities  corresponding'  to  the  various 
amounts  of  this  salt  are  jriven.     Column  1  (jives  the  number 
'Jgrams  of  C\  (as  KCl)  per  50  ccs.  of  colloidal  solution,  a 
N    (J     crrm.-mol.)  solution  of  KCl  bein'?  added  drop  by 
Toprcolumn    2    gives   the   specific   conductivity   of   the 
Sure  in  each  case!    In  the  next  column  the  velocitie   of 
Se  particles  (in  cms.  per  sec.  per  volt  per  cm.)  are  written 
the  pStive  sign  indicating  that  the  motion  of  the  col  oida 
partLle  was  toward  the  cathode.     In  each  tab  e  are  included 
particulars  as  to  the  coagulation  caused  m  each  case. 

Table  V. 
KCl  added  to  Copper  Colloidal  Solution. 


No. 

Grams  of  CI  per 
50  CCS.  Cu  Sol. 

.Spec.  Cond. 
at  18°  C. 

1 

,  2 

!  3 

0 

30X10-* 

6  8x10"* 

131x10-* 

27-3x10-* 

8-2x10-* 
ll-"xl0-« 
163X10-* 

;  4 

!  h 

22-0x10-* 
34-2x10-* 

Velocity  at 
100"  O. 


+  24-9x10' 
+25-7x10 
+26-2x10- 
+22-8x10 
I  + 18-7  X 10- 


-5 


-5 


Coagulation. 


No  »ign. 


Anticioatin./  the  results  which  follow,  we  shall  find  that 
they  con&rm  t^e  fact  that  with  colloidal  solutions  the  particles 
of  which  are  positively  charged,  the  negatively  charged 
ions  are  the  ones  to  which  the  coagulat.ve  action  is  due  , 
consequently  the  amounts  of  electrolyte  are  entered  always 
in  terms  of  the  weight  of  the  acid  radical. 
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of  Kn  n  ,"  "."^  ^v "?  *''"  *'*'^'«'  *•'»*  "t  "«••"*  the  addition 
W.«l     produced  a  slight  increase  in  the  velocity,  but  as 

an  uLrr"  '  T'  ''^t^  tl'^vclocity  reached  a  maximum 
and  then  slowly  decreased.     It  is  important  to  observe  that 

nt  the  p\nr™r'"f''r  '''"■^  ^"*."°  *''■«"  «f  ^agulation  even 
coa«^.^l„f?n?  r"  °^««r'"'  ^"'i'^^-  'r^^'°  °f  the  solutions  did 
coagulate  at  the  end  of  six  week,,  but  this  interval  is  so  long 
that  this  result  may  have  been  due  to  some  ulterior  cause. 

b.  Potagsium  Sulphate. 
Similar  result,  for  this  salt,  a  ^^  (gram-molecular)  solu- 
tion of  which  was  used,  are  given  in  Table  VI. 

K2OO4  added  to  Copper  Colloidal  Solution. 


No. 


Ornnis  of  SO,  per 
.■)0  ec*.  Cu  Sol. 


Spec.  Cond. 
at  18°  C. 


Velocify  at 
18°  C. 


Coagulation. 


89x10-5 
178xlO-'' 
445x10-'^ 
71-2x10-* 


.V8X10-*  +2V4X10-5 

9-3X10-'  +25  3x10-*  No8ign. 

12-4x10-*  +24  0x10-*  „     „ 

i8-7xlO-«  +21-8x10-*  Intwoweek.. 

38i>xI0-«  +14-4x10-'  Intwohourt 

r.8.?xlO-«                0  In  one  hour. 


.howl;"Jn'";bo   ^^"'  «"'\,K^SO,  than  the  great;st  amounts 
II    "1  ,      ,     .  "*'°^'®  tables  was   added    to  .00   cc*.  of   the 
colloidal  solution,  the  conductivity  became  so  large  that      e 
current  through  the  liquid  spoiled  the  velocity  refdingt 

c.  Aluminium  Sulphate. 
In  similar  experiments  on  colloidal  gold  and  silver  solu- 
tions  from  18X10-    to  25x10-*  gram  of   A1,(S0,)3  per 

vein  T'  f  ..f"""'^?'  ^'"*'""  ^^•■'^^  ^»ffi<=i^"t  to  reduce  hi 
velocity  of  the  eold  and  silve- particles  to  zero.  The  very 
srong  action  0?  this  salt  was  attributed  to  the  trivaS 
aluminium  ion  According  to  the  theory  then  sugges  ed 
this  salt  should  not  have  nearly  so  strong^  an  action  ?n  the 
copper  colloidal  solution  on   account  of  the  fact  that     he 

acir/ir-'^f.^T  ".  P«^^^'^«  «^-g«'  -d  therefore  the 
active  ion  m  the  aluminium  solution  will  be  the  SO..  The 
results  given  m  Table  VII.  confirm  this  view  entirely. 


Klectrol^tet  on  Copper  Colloidal  Solution^. 

Tablb  VII. 

A1,(S04)»  added  to  (Jopper  Colloidal  Solution. 
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No. 


aramsof  SOipor      Spw.  Cond.         Velocity  at 
50cCT.  CiiSol.  at  180  0.       |         18^0. 


Coagulation. 


«-7xlO' 
134x10" 
26-0  X  10" 


7-7x10- 
12'9xlO- 
14  9x10" 
202  X 10" 


+23-4x10-* 
+21-5x10-* 
+  19-2x10-* 
+  18-5x10-* 


No  sign. 


•  The  two  samples  -were  not  retained  for  coagulation  observations. 

It  will  be  seen  from  the  table  that,  althou;;h  about 
62  X  10"*  gram  of  aluminium  sulphate  was  added  to  100  cos. 
of  copper  colloidal  solution,  there  is  very  slij^ht  diminution 
of  the  velocity,  while  in  none  of  the  samples  was  there  any 
immediate  sign  of  coagulation — results  in  marked  contrast 
with  those  obtained  when  the  same  electrolyte  was  added  to 
gold  and  silver  colloidal  solutions. 

d.  Potassium  Phosphate. 

This  salt  was  chosen  as  one  representative  of  those  possess- 
ing a  trivalent  acid  radical.  That  its  action  on  the  copper 
is  very  keen  is  shown  by  the  numbers  in  Table  VIII. 

Table  VIII. 
K3PO4  added  to  Copper  Colloidal  Solution. 


No. 

Qramt  of  PO,  per 
50  COS.  Cu  Sol. 

1 
Spec.  Cond. 
at  18=  C. 

Velocity  at 
18°  0. 

Coagulation.    1 

i 

1. 

"               i 

6-5x10"* 

+25-4x10-* 

2. 

1-7x10-*      1 

7-8x10"* 

+21-5x10-* 

No  immed.  sign. 

3. 

3-5x10-' 

83x10'* 

+  16-8x10-* 

If        »* 

4. 

6  8x10-* 

9-9  X 10-* 

+  3-lXlO-* 

3  to  4  houn. 

6. 

10  2x10"* 

11-7x10-* 

-  4-8x10"* 

In  2  hours. 

6. 

15  6x10-* 

15-7x10-* 

-  7-9x10"* 

In  a  few  hours. 
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e.   Polasninn    Fernci/anide. 

The  results  (Tal)le  IX.)  for  this  electrolyte,  which  also  has 
a  trivalent  acid  ra'liial,  are  in  complete  accord  with  those 
given  by  the  phosphate. 

Table  IX. 
Ke(FeCys)2  added  to  Copper  Colloidal  Solution. 

Orani8  of  FeOr,|    Spec.  Cor.d. 
Cu  sol. 


Velocity  at 
18°  C. 


Ooofulstion.      i 


2. 
3. 
4. 
5. 


*) 
1.jOx10"° 

22;jxio"^ 

3()OxlO"' 
450x10-* 


4-oXlO-* 
76xlO-« 

o-.-Jxio-" 

130X10-* 

188xl0-«    ! 

i 

28  6xlO-«    ! 


+aO'4xlO-'^ 

+  14  0x10"* 

+  3-8x10-* 

+  10x10-'' 

-i-.ixio-* 

-91x10-* 


Nu.  iuime''    sign. 
In  one  hour. 


We  .see  that  very  small  quantities  of  either  potassium 
phosphate  or  potassi'^m  ferricyanide  are  sufficient  to  reduce 
the  velocity  of  the  coj.per  particles  to  zero  and  even  to 
reverse  the  direction  of  their  motion  in  an  electric  field. 


.').  Ct)i.u>cATioN  OF  Results. 

In  order  the  better  to  illustrate  the  relation  between  the 
number  of  molecules  of  the  various  electrolytes  added  per  cc. 
of  the  copper  colloidal  solution  and  the  resulting  velocity  of 
the  copper  particles  in  a  given  field,  all  of  the  results 
recorded  in  Tables  V.  to  IX.  inclusive  are  brought  together 
in  slightly  different  form  in  Table  X.,  and  illustrated  in 
the  curves  in  figs.  3  and  4.  Column  1  gives  the  numbers 
from  which  the  solutions  may  be  identified  in  the  above 
tibles.  In  colunm  2  is  given  the  normality,  in  respect  of  the 
electrolyte,  of  the  mixture  of  the  colloid  and  the  electrolyte ; 
i.  e.  the  number  of  gram-molecules  of  the  salt  per  cc.  of  the 
mixture.  According  to  the  accepted  dissociation  theory, 
we  may  look  upon  the  salts  in  these  extremely  dilute 
solutions  as  being  completely  ionized,  and  so  the  normality 
as  defined  above  will  be  directly  proportional  to  the  number 
of  ionized  molecules  of  the  particular  salt  per  cc.     However, 


Electrolyte!  on  Copper  Colloidal  Solutiout. 
Table  X. 

Relation  between  the  number  of  negutive  ions  added 

per  fc.  to  the  copper  colloidal  solutions  and  the 

resulting  velocities  of  the  particle:*. 
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f 1                1                   1 

Numbrri  proportionali 
Korraality  :       i    to  the  mimber  of     ! 
Solution.        graiu-niuli  per  cc.  \  ion»  per  co. ;  Oram- 

1             ion»/cc. 

Veloeitj 
at  18°  0. 

i 
KCl I-  1 

2. ; 

0 

i-oxio-" 

0 
17-0x10-' 

4-24-9x10"* 
+•25-7x10''' 

3.' 

380x10-' 

38-0x10-' 

+26-2x10"* 

*■  I 

740x10-" 

74  0x10-* 

+2-2  8x10"* 

1 

6. 

1540x10-* 

ir.4-oxi6-* 

+  18-7x10'' 

KjSO, 1. 

2. 

0               i 

7-:xio-"  i 

0 
7-7x10-' 

+25  4X10-* 
+25  3x10-* 

3.i 

192xlO-«    1 

19-2x10-' 

+240x10-* 

4.  , 

38-4x10-"    1 

38-4x10-' 

+21-8x10-* 

5. 

960X10-'    i 

06  0x10-* 

+14-4x10-* 

S. 

loSOxlO-' 

1530X10-'          i 

+  0-0x10-* 

A1,(S0,),...  1. 

0 

4-6X10-*    1 

0                  ! 
13  8x10-'          1 

+23-4x10-* 
+21-5x10-* 

•^. 

9  2x10-*    1 

27-6x10-'         i 

+  19  2x10-5 

4. 

183x10-' 

54  9x10-* 

+18-5x10-* 

K,PO, 1. 

2. 

0 

s-fixio-' 

0 
3-6x10-' 

+25-4x10-* 
+215X10"* 

l\ 

7-2X10-' 

72x10-' 

+  168X10-* 

4.  • 

14-4x10-' 

14-4x10-' 

+  34X10-* 

1 
5. 

21-6x10-' 

21-6x10-' 

_  48x10-* 

6. 

32-8x10"' 

328x10-' 

-  7-9x10-* 

K,(FeCj/,,..l. 
2. 

0 
3-66X10-' 

0 
7-1 X 10'* 

+30-4x10-* 
+14-0x10"* 

3. 

716x10-' 

143x10'® 

+  3-8x10"* 

4. 

10-7x10-' 

21-4x10'' 

+  lOxlO-* 

b. 

14-3x10-' 

286x10'' 

-  15x10'* 

6. 

214x10'' 

42-8x10'' 

-  9-1x10'* 

A94 
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if  we  are  to  comjmn*  tlip  efficiency  of  various  ions  in 
tlischarging  the  eolfoiilal  particles,  we  must  deduce  numbers 
directly  proportional  to  tiie  nnmber  of  such  ions  per  cubic 
centimetre.  For  example,  taking  the  above  definition  of 
normiility,  we  may  look  upon  a  3  x  10~*  normal  solution 
of  potassium  phospliatu  as  containing  the  same  number  of 


m  a 
But 


molecules  as  the  number  of  molecules  of  Kr,(Fe('y6)2 
3x10-*  normal  solution  of  potassium  ferricyanide. 
the  latter  solution  will  contain  twice  the  number  of  FeCvg 
ions  that  the  former  contains  of  POi  ions.  Consequently  in 
column  .3  are  written  the  numbers  directly  j)roportional  to 
the  number  of  acid  radical  ions  present  per  cubic  centimetre: 
of  course,  those  numbers  opposite  the  aluminium  sulphate 
and  the  potassium  ferricyanide  are  the  only  ones  which  will 
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.liffer  in  the  two  column^.     In  the  last  column  are  copie.! 
tlie  various  velocities  in  cms./sec/volt/cm. 

The  curves  in  fig.  3  are  drawn  with  the  velocities  as 
ah8cissa3  and  the  numbers  proiK>rtional  to  the  number  of  ions 
per  cc.  as  ordinates.  The  very  marked  overlapping  of  the 
curves  for  potassium  phosphate  and  |>otassium  ierricjanule, 
which  are  iown  to  larger  scale  in  tig.  4,  at  once  suggests 


Fig.  4. 


10  15  20         25         30 

ye/oc//y    ^    ^o  ■ 


the  tact  that  the  two  ions  PO,  an.l  FoCy,  have  the  same 
power  of  reducing  the  velocity  of  the  copper  particle,  and, 
therefore,  of  producing  the  coagulation  of  the  copper.  The 
evidences  of  coagulation  given  m  the  last  co  unins^  ot 
TiMes  VIII.  and  IX.  support  the  latter  statement,  as  does 
tl'.e  work  of  manv  other  writ(M>.     Although  the  expcnmr-nts 
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an  aluiDinium  sulnhute  were  not  <-urried  out  as  far  a.<«  thone 
on  potassium  sulphate,  n«>v<'rthol<'ss  th«  corresj»oniliiij<  curves 
xhow  a  remu..>abl(>  coincidence  in  the  region  connnon  to  the 
two  curves. 

Thene  latter  two  cunes  have  an  additional  importance  in 
that  tby  show  that  the  action  of  the  SO,  ion  is  practically 
independent  of  the  metal  ion.  Since  aluminium  is  trivalent 
and  potassium  monovalent,  if  the  metal  ions  exerted  any 
marked  inHuence  on  the  copper  particli'  we  should  expect 
these  two  curves  to  !•«  very  far  apart. 

Again,  comparing  the'  five  curves,  one  has  the  verv 
strongest  evidence  of  the  great  differences  in  the  powers  o'f 
monovalent,  divalent,  and  trivalent  acid  ions  to  n-duce  tho 
velocity  of  the  positively  charged  cop|>er,  and  consecpjehtlv, 
to  produce  coagulation.  Examination  of  the  curves  wi'll 
show  that  the  velocity  results  indicate  that  the  ratios  of  the 
powers  of  various  ucid  ions  to  reduce  the  velocity  of  tho 
copper  i'.«rticles  are  not  very  far  r  loved  from  the  observed 
ratios  of  the  powers  of  the  same  ioi.a  to  produce  coagulation. 
These  latter  ratios  for  monovalent,  divalent,  and  trivalent  ions 
as  found  hy  I'icton  and  Lindcr  *  were  1  :  3.'>  :  1023  ;  the 
analogous  ratios  -uggested  in  aeconhmce  with  AVhetlmm's 
theory  t  of  coagulation  were  1  :  :V2  :  1024. 

Some  tim<*  since  Duclaux  [mbiished  results  of  his  work  on 
colloids  synthetically  prepared  by  a  double  decomposition, 
as,  for  example,  the  colloidal  solution  of  cop|)er  ferrocvanide 
resulting  from  the  action  of  cupric  chloride  (t'uC'lj)  on 
potassium  ferrocvanide.  In  this  case  he  finds  that  the 
colloidal  particle  retains  varying  quantities  of  the  potassium, 
to  which  he  gives  the  credit'for  the  existence  of  the  colloidal 
particle.  This  porticm  of  the  colloidal  unit  he  calls  the 
"  partie  active,"  and  draws  the  conclusion  that  the  coagulation 
of  the  colloid  is  brought  about  through  the  substitution  of 
the  "partie  active"  by  some  other  iuns.  In  the  course  of 
his  argument,  he  expresses  "  most  formal  doubts  as  to  the 
exactitude  of  Hardy's  law  according  to  which  the  coagul.itive 
power  of  an  ion  is  the  greater,  the  higher  its  valency.''  The 
'aw  of  Hardy  referred  to  above  is  baseil  on  the  experimental 
work  of  I'icton  and  Under  and  others,  as  well  as  that  of 
Hardy  himself,  and  is  uniquely  supported  by  the  theoretical 
contribution  of  Whethani.  the  conclusions  arrived  at  bv 
IJucIaux  seem  so  diametrically  oppo-ed  to  all  tlii--  work,  as 
to  sijggest  the  possibility  that  Duclaux  was  dealing  with 
colloidal  solutions  (piite  different  in  their  constitution  from 
those  upon  which  the  above  law  was  based.     This  conclusion 


Loc,  cit. 
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.hown  that  thoy  are  tbu-.  roviTsiblo. 

Exception   muct  Iw   taken,  however,  to  the   f*"'""*   " 
DudSXn  he  «.y.  that  "it  i.  hv  no  m..n.  evu  e„    t^ 
the  in.mohility  of  a  mieelle  m  an  eloc-tru-  h-^  •»    "»  '    ^  »  ' 
the  mifoHo  does  not  carry  a   chai«.'.        Hi^toritaiiy,   i 
onlyTr  on  ^.•e  have  for  attrihutin.^  the  ,>o....>-.on  ot  a  .1  ur^ 
Jothecolloi.lal   particle  is  th<.  fart  that  >t 'l'..'* '"<•  «  "" 
CtricfUl,  anJ,  if  .lepenclenee  i.  -\^;>   ;;[''-;:  ;,!^i.^ 
assumption   there  is  -  ^--j;!  ^  ^  ^    «>^,^'t  t^.e 

charfre. 

6.  Conclusions. 
1  For  a  copper  colloidal  solution,  the  particle:*  of  which 
are  ;,ositivelvTfarfcod  (i  e.  .nove  to  the  cathode),  the  |nfluence 
oraSded  electrolytes  on  the  velocity  o£  the  particle  has  been 
determined  The  electrolyte,  used  were  potassuin^  chlonde, 
JSI  phosphate,  pot.^ssium  sulphate,  potass.um  fern- 
pvjinide.  and  aluminium  sulphate.  ,    .  -^  •    iu    :„.. 

T  Evidence  has  been  produce.l  to  show  that  .t  is  the   o 
bearing  a  negative  chafge   that  is  active  .n   reducing  the 

"""  3' This  power  of  the  negative  ion  depends  on  the  valency 
in  a  way  analogous  to  the  valency  relations  found  by  Picton 
am?    Lender,   and    by    Hardy,   for    the   coagulat.ve   powe. 

°*"l?"fhe  discharging  power  of  two  negative  ions  of  the  same 

^^^6l,^;l::;ri  the  coagulation  P-auced  ineach^e 
shows   that   the  particles   coagulate   when   they   lo.e  their 

'^irconclusion,  I  .ish  to  thank  Professor  J  (',  McLennan 
for  hi  kind  assistance  and  encouragement  at  all  t""- ;  I  J^- 
desire  to  express  my  indebtedness  to  Protessor  A.  B.  Macallum 
for  his  helpful  suggestions  on  many  occasions. 
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